Introduction
The quantum systems are usually treated as open systems and their time-evolution is described by a density matrix in the frame of the master equation, instead of the Hilbert-space vector and the Schrodinger equation. Therefore, in general, the master equation cannot be solved analytically for the most physical systems in arbitrary evaluation times and there is a need to use numerical methods. However, even a numerical solution of the master equation is a challenge. If a state vector  requires basis vectors in Hilbert space to represent it, the corresponding density operator requires 2 − 1 real numbers. This base requires large-scale simulations, especially when the system includes more than one degree of freedom. This problem can be solved by unraveling the density operator evolution into quantum trajectories and the Quantum State Diffusion (QSD) method [1] . Since quantum trajectories represent the system as a state vector rather than a density operator, they often have a numerical advantage over solving the master equation directly, even though one has to average over many quantum trajectories to recover the solution of the master equation. One of the widely used approximations for open quantum systems is the Markovian dynamics described in terms of the Lindblad master equation for the reduced density matrix ρ. In this case, the time-evolution is governed by the Hamiltonian operator and the Lindblad operators of the system. The QSD method has been implemented based on the stochastic equation that involves both Hamiltonian and the Lindblad operators for the state |ψ(t). The density operator using an expansion of the state vector |ψ in a truncated basis of Fock's number states of a harmonic oscillator (photonic states) is calculated.
The ECAPT (Extendible C ++ Application in Photonic Technologies) library and a web portal has been developed [2] providing numerical simulations and modeling of complex quantum systems in the presence of decoherence with a range of applications in photonics. Examples of those applications include investigation of quantum dissipative chaos, bistability and bifurcations [3, 4] , quantum stochastic resonance [5] , long-lived quantum interference in periodically modulated oscillatory systems [6] , engineering of Fock states and qubits in nonlinear oscillators [7] , elaboration of devices generating intensive entangled light beams for quantum communications [8] , as well as production of three-photon entangled states in parametric devices [9] , and numerical simulation of complex quantum optical systems, such as interaction of an atom with bichromatic laser field [10] , cascaded processes [11] and photonics in ion-trap systems [12] .
The aim of the paper is to extend the functionality of the portal by providing a cloud service for visualization and analytics to evaluate different physical dimensions of complex quantum systems. The service allows users to simulate and manage the results including the excitation photon numbers, probability, and Wigner functions, graphically for different parameters and time intervals. The rest of this paper is organized as follows: in Section 2 we introduce related work, Section 3 illustrates the scientific application based on Kerr nonlinear oscillator driven by chirped wave model, Section 4 represents the service description, and, finally, the use case is presented in Section 5 and conclusion in Section 6.
Related work
Several projects that can be related to the data analyzes and visualization provide advanced functionalities but are typically restricted to a particular application area. They provide all the computational and visualization facilities needed to express and solve a target class of problems. Some examples of libraries and packages are of course Origin, Wolfram Mathematica or Gnuplot giving the abilities to perform builtin graph types and point-and-click customization of all elements.
There are a few projects based on the web providing advanced features for building data visualization environments to handle significant amounts of dynamic data, and to enable manipulation of and interaction with the data. They also supply facilities for deploying new services and provide APIs for generating web portals.
As there is no generic approach capable of handling complex quantum systems, a cloud service is suggested aiming to simplify the use of visualization libraries deployed as a set of services.
The globalization of resources (hardware and software) on a large scale distributed computing infrastructures requires advanced trading mechanisms to identify the service or the composition of services able to fulfill a user request. The service may use high-performance computational resources without being aware of the locations of input and output data, as well as computational resources. This is crucial, as the usage of distributed computing infrastructures are complex and make difficulties for scientists and researchers to use the infrastructure without advanced knowledge and experience. Therefore the suggested service provides a web-based visualization with dynamic, browser-based visualization libraries making easy for a scientist to use the service without installing any extra tools for data visualization.
Kerr nonlinear oscillator driven by chirped wave model
In this section, the chirped Kerr-nonlinear resonator in a regime of continuous-wave driving scientific application is presented on the base of the master equation in the complete quantum analysis of autoresonant transitions and phase locking phenomena in the presence of dissipation. This approach allows us to consider control of a production of photon-number states and enhancement of photon blockade by selfadjusting the drive frequency of resonator. In the Photon Blockade (PB) based on photon-photon interaction in a Kerr-nonlinear element, the optical response to a single photon is modulated by the presence or absence of the other photons. Mainly, the capture of a single photon into the system affects the probability that a second photon is admitted. A simple consequence of photon blockade is the antibunching of photons in emission in analogy to the photon antibunching of resonance fluorescence on a two-level atom [13, 14] . Photon blockade was first observed in an optical cavity coupled to a single trapped atom [15] . The PB has been predicted in cavity Quantum ElectroDynamics (QED) [16] , and recently in circuit QED with a single superconducting artificial atom coupled to a microwave transmission line resonator [17, 18] . PB was also experimentally demonstrated with a photonic crystal cavity with a strongly coupled quantum dot [19] , and was also predicted in quantum optomechanical systems [20, 21] . An analogous phenomenon of phonon blockade was predicted for an artificial superconducting atom coupled to a nanomechanical resonator [22] , as well as the polariton blockade effect due to polariton-polariton interactions has been considered in [23] . Recently, PB was considered in dispersive qubit-field interactions in a superconductive coplanar waveguide cavity [17] and with time-modulated input [24] . We clarify the chirp effects in Kerr nonlinear resonator by considering photon-number effects and by analysing phase-space properties of resonator mode. Thus, we focus on the analysis of the mean photon number (excitation number), the probability distributions of photons and the Wigner functions in phase space.
We treat the chirped Kerr-nonlinear resonator as an open quantum system and assume that it's time evolution is described by Markovian dynamics in terms of the Lindblad master equation for the reduced density matrix. In the interaction picture that corresponds to the transformation , 
The Hamiltonian of Kerr-nonlinear resonator under pulsed excitation in the rotating wave approximation reads as: This model seems experimentally feasible and can be realized in several physical systems. Particularly, the effective Hamiltonian (Equation (2)) describes a qubit off-resonantly coupled to a driven cavity. In fact, it is well known that the Hamiltonian of a two-level atom interacting with cavity mode in the dispersive approximation, if the two-level system remains in its ground state, can be reduced to the effective Hamiltonian (Equation (2)). This model also describes a nanomechanical oscillator with We analyze the master equation numerically using quantum state diffusion method QSD [1] . According to this approach, the reduced density operator is calculated as the ensemble mean 
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The photon-number distribution is calculated as the diagonal elements of the photon-number states n (6) ( ) , P n n n   while calculations of the Wigner function are performed by using its standard form in a Fock space:
. 
Service description
The architecture of the service consists of a front-end, server and the REST (REpresentational State Transfer) API components (Fig. 1) . All the difficulties inherent in the use of cloud APIs, visualization libraries and MPI programming are hidden to the user which is the main goal of our generic approach. Front-end is a web-based, service-rich environment for the development, execution and monitoring workflow based parameter studies on various grid platforms photonic dissipative systems. Front-end hides low-level cloud access mechanisms by high-level graphical interfaces; making even non-cloud expert users capable of defining and executing photonic dissipative systems on distributed computing infrastructures. It allows users both to manipulate (initialize, upload, suppress) the data and to submit the computational and visualization requests using the input parameters for simulations. The visualization layer is responsible for interactive visualization of the data of the user submitted simulations results.
Server component is based on a module for the simulation and data management. Data Management consists of the file system and the MySQL database. The simulation layer executes the simulation on a local resource or HPC resources taking into account the complexity of the application service.
The REST API is a middleware for handling the requests and organizing the communication between front-end and the server. It stands for is an architectural style providing interoperability between computer systems on the Internet.
Front-end
The cloud service is based on user authentication capabilities, providing a userfriendly environment for constructing and executing the simulations. The platform provides an ability to calculate excitation photon numbers, probability function and Wigner functions with different input parameters. For Hamiltonian of Kerr nonlinear resonator under pulsed excitation in the rotating wave approximation (Equation (2) After submitting new simulations, the front-end sends commands to the REST API. As soon as the calculation completes, the results, including the needed parameters are available in the front-end part, after which the front-end sent the request by asking for similar results and after getting already constructed response required for visualization module, it displays the visualization. Based on the simulation results the D3.js [25] and Vis.js [26] are used for visualization correspondingly for line charts and 3D function visualization. The Front-end platform has been implemented with Angular JS framework.
Data management
Two types of datasets are used for visualization. One is two-dimensional excitation photon numbers, probability functions stored in an ASCII file, which introduces the evaluation in a time interval. There are two double numbers separated by a blank space per each line. First one is the time and the second one is the corresponding value. The second type is the three-dimensional Wigner function result also stored in an ASCII file. Each line contains three doubles (x, y, z) separated with spaces. For storing users and the simulations history, the MySQL database is used to synchronize with the file system. The table called "results" contains information about each simulation. For each one, it stores the initial input parameters for ECAQT program and the status of that simulation. For each simulation in the file system platform creates a working directory.
Simulations
During the service flow, the cron job reads a new submitted simulation from the database and for each one, depending on the complexity of the simulation, either runs the ECAQT program in the local environment or sends the task to the cloud service for execution. During the simulations, it creates an excitation photon number, probability function and the Wigner functions which are stored in the text files. For visualization, the program reads text files containing functions and parses it for visualization.
User interface
The Web portal provides a flexible and easy to use interface for a scientist to make simulations and do their analysis. Users can SingIn/SignUp to the web portal by clicking buttons on the top right corner.
After entering the system, the user will navigate the main dashboard screen. Here the user can submit the new simulations by choosing the different input parameters by filling the necessary input parameters in the top form and clicking to the "Submit" button (Fig. 2) . The table illustrates the history of simulations. When the simulation is finished successfully, the user can see visualizations by clicking on the "View" buttons on that row.
 Photon mean number n (see Fig. 3 ).  Photon-number distribution functions P(n), n=0, …, 4 (see Fig. 5 ).
 Wigner function for given t and Wigner function evolution (see Fig. 6 ). 
Use case
The possibility of photon blockade realization with the use of a chirped dissipative field represents a significant interest nowadays.
We have performed various calculations with the utilisation of this tool to study the described system. Fig. 6 shows time dynamics of the photon state probabilities. The dynamics of the external field with no chirp is illustrated in Fig. 6a , while Fig. 6b demonstrates the dynamics when chirp is applied. It can be seen from Fig. 6b that a state with significant probability is generated for small nonlinearities ( ⁄ = 3) and for the field amplitude Ω⁄ = 2.5.
Let us now discuss the state illustrated in Fig. 6b when the 1 and the 0 states of the two different time moments have equal probabilities of 0.5 value, and therefore, it is possible to produce superposition states for these time moments. We check the existence of superposition states with the use fidelity that shows the closeness of two quantum states. Thus we calculate it for the | 〉 = 1 √2 (|0〉 − |1〉) superposition state and for the states corresponding to the crossing points. Our calculations have shown that this fidelity for those moments is 0.78, which indicates that the condition obtained is very close to a pure superposition state. The similarity of these two states can also be demonstrated using the Wigner function. The Wigner functions for 1 √2 (|0〉 − |1〉) state and for the given time moment are represented in Fig. 7a and b, respectively. As we can see from the picture, the Wigner functions are very close, however, an obvious difference can be observed for the negative parts of the Wigner functions. In contrast to the pure state, the negative part of the generated state is smaller. It is known that the negative part of the Wigner function indicates whether the given state is a pure quantum state. The small absolute value of the function's negative part can be explained by the presence of decoherence and dissipation as these effects eliminate the quantum state.
The case demonstrated in Fig. 6a is a well-studied case when the external field that affects on the quantum nonlinear oscillator is monochromatic, and the presence of the dissipation is taken into account. As we can see, there are several excitations at the start point that shrink with time and eventually, the system comes to a steady state. As we can see from Fig. 6b the situation is entirely different when the chirp is applied. There are only small oscillations at the start point, and the energy is localized at a specific moment of time. At this time the single-photon state is obtained. 
Conclusion
The visualization of the results (Figs 3-5 ) help researchers to analyze and study the systems more practically and more completely for different time intervals and time points, for instance to analyze the output results for different input parameters for system Hamiltonian (Equation (2)) and for different values of same Hamiltonian for different times. Besides providing storage for different simulation results, we make theoretical research more experimental and visual saving research time and resources. The ultimate goal is to develop a single sign-on integrated multi-service environment providing easy access to different kind of quantum calculations and algorithms to be performed on hybrid distributed computing infrastructures combining the benefits of large clusters, grid or cloud, when needed. We have demonstrated the production of single photon blockade for frequencychirped fields.
